The aim of this observational study was to assess the longterm growth responses to GH treatment of children born small for gestational age (SGA). GH treatment was begun before puberty and continued to final height (FH). Seventy-seven short (height SD score below Ϫ2) prepubertal children born SGA (below Ϫ2 SD for birth weight and/or birth length), with a broad range of GH secretory capacity, were treated with GH in a daily dose of 33 g/kg (0.1 U/kg), beginning before the onset of puberty. We observed a difference between adult and pretreatment projected height of 1.3 SD (9 cm) for the entire group. Among the children treated for Ͼ2 y before puberty, this mean gain (i.e. difference) in final height was 1.7 SD, whereas the mean gain was 0.9 SD among those in whom treatment was begun Ͻ2 y before puberty. Better catch-up growth was observed in the younger (r ϭ Ϫ0.56, p Ͻ 0.0001), shorter (r ϭ Ϫ0.49, p Ͻ 0.0001), and lighter (r ϭ Ϫ0.46, p Ͻ 0.0001) subjects. We conclude that GH treatment improves the final height of short children born SGA. The height gain attained before the onset of puberty is maintained to final height. The younger, shorter, and lighter the child at the start of GH treatment, the better the response. Moreover, most of these SGA individuals treated with GH reach their target height. There is a 5-to 7-fold higher risk of short stature among adults who were born SGA, compared with those born AGA (1,2). Children born SGA comprise one-third of children who are short during childhood (1). As short stature is present in 10 -15% of children born SGA (1-3), efforts have been made to understand the etiology of their growth restriction and to increase their FH.
There is a 5-to 7-fold higher risk of short stature among adults who were born SGA, compared with those born AGA (1, 2) . Children born SGA comprise one-third of children who are short during childhood (1) . As short stature is present in 10 -15% of children born SGA (1-3), efforts have been made to understand the etiology of their growth restriction and to increase their FH.
Birth length has been shown in population-based studies to be the single most important predictor of adult height (1, 2) . Short children born SGA keep their prepubertal height SDS to FH, whereas short children born AGA gain further 0.6 -0.7 SDS in height during puberty (4) . French data show that adult men who were born SGA are, on average 7.5 cm, and women are 9.6 cm below their mid-parent target height (5) . This is at the lower end of the range compared with other studies (1, 6, 7) , which find a growth deficit of 0.7-0.9 SDS below the MPH.
Either low GH secretion or reduced sensitivity to GH may account for some of the growth retardation of children born SGA (8 -10) . Boguszewski et al. (11, 12) reported that short children born SGA have both lower mean GH secretion rates and lower serum IGF-I (IGF-I) values than children born AGA. In children born SGA, there is a correlation between the GH dose and the growth response, mainly during prepubertal years (13) (14) (15) (16) . The majority of short children born SGA show improvement in growth rate during GH treatment, particularly if treatment is begun early (14, 16) . With the exception of one large study (17) , however, no information is available on the FH achieved by short children born SGA and treated with GH from a young age to FH. We report here the observational data on the effect of GH therapy on final height of children born SGA.
METHODS
Study subjects. A total of 77 prepubertal, short children (63 boys and 14 girls) born SGA between 1973 and 1984 participated in this observational study. The children were followed either in the National Registry of GH treatment (n ϭ 41) or in GH treatment trials (n ϭ 36) that were conducted in non-GHD short children. They were treated with GH, 33 g/kg (0.1 U/kg) daily. At the start of puberty, 28 children in trials of GH treatment in GHD and/or short children (TR 88 -177 and TR 288 -080) were randomized within each trial to a daily GH dose of 33 g/kg (0.1 U/kg) or 66 g/kg (0.2 U/kg). Half of the children in the study were followed at Queen Silvia Children's Hospital, Göteborg, and the other half in other university hospitals in Sweden. For some analyses, the children were divided into groups according to the duration of treatment before puberty: group 1 (n ϭ 36) children were treated for Ͼ2 y before puberty (mean, 4.2 y; range, 2.1 to 10.0), and group 2 (n ϭ 41) were treated for Ͻ2 y before puberty (mean, 1.0 y; range, 0.2 to 2.0). This division is in line with the goal to treat with GH for at least 2 y before puberty, to obtain a full catch-up growth before start of puberty (18) .
All children were born either light (SGA W , n ϭ 10), short (SGA L , n ϭ 10), or both short and light (SGA WL , n ϭ 57), i.e. below Ϫ2 SD in birth weight or birth length, according to the Swedish reference for newborns (19) . Twelve percent (n ϭ 8) were born before 37 wk of gestation (range, 30 -36 wk). None had evidence of serious complications in the neonatal period, i.e. signs of severe asphyxia (defined as an Apgar score Ͻ3 after 5 min) or of sepsis. Their growth had been monitored from birth at neonatal and child healthcare units. None showed complete postnatal catch-up growth, and all were still short (below Ϫ2 SD) at the start of GH therapy. They were well nourished and showed no clinical evidence of psychosocial disorders.
Children were excluded from the study if they had chromosomal disorders, serious malformations, chondrodysplasia, or maternal history of alcohol or drug addiction, or a condition requiring chronic medical treatment in the child. Thyroid, kidney, and liver function tests were normal. One boy with SilverRussell syndrome was included and followed to FH. No child was allowed to enter if puberty began before the start of GH treatment (25 children excluded). The start of the puberty was defined as breast stage 2 for girls (20) and testicular volume Ͼ4 mL for boys (21) . Treatment with gonadotropin releasing hormone (GnRH)-analogs because of early puberty was also a criterion for exclusion (14 children excluded). These children treated with GnRH-analogs did reach a FH (SDS) in the same range as those without early puberty (data not shown). After the above exclusions, the group of children born SGA who started GH treatment during the given period consisted of 88 prepubertal children. However, 11 children were excluded as they either were not motivated to inject GH daily after 0.8 -4.5 y of treatment despite ongoing catch-up growth (5 children) or had signs of GH insensitivity (6 children). The final height of 10/11 is known and the mean was Ϫ2.5 SDS (mean target height, Ϫ0.9 SDS). (See Table 2 for clinical characteristics.) The total flow of patients is presented in Figure 1 .
Age at start of GH treatment ranged from 2.5 to 15.1 y. Thus, height SDS for prepubertal children had to be obtained from the childhood part in the Swedish reference. The childhood reference gives an accurate estimate of height, as it does not underestimate height if puberty is delayed (22) . Achieved FH was defined as the time point 1 y after height velocity Ͻ1 cm/y. The projected FH was calculated compared with the height of the reference population (23) and the gain in FH defined as the projected adult height in SDS minus the achieved adult height in SDS.
Maternal and paternal heights SDS were compared with the Swedish reference values (23) , and the MPH in SDS was obtained, with the formula maternal height in SDS plus paternal height in SDS divided by two. The difference in height SDS of the child compared with his/her MPH SDS is expressed as intrafamily difference in SDS (Diff SDS). Birth data, MPH and clinical characteristics at start of GH treatment are shown in Table 1 .
Comparison group. Thirty-four untreated short prepubertal SGA children (17 girls and 17 boys) served as a comparison group (no randomized control group). They were born in Göteborg between 1972 and 1982 after uncomplicated pregnancies, and had their growth monitored from birth to FH. All children had a height below Ϫ2 SD at 2 y of age and below Ϫ1.6 SD during prepubertal years (mean, Ϫ2.2 SD; range, Ϫ3.5 to Ϫ1.6 SD). MPH SDS for the group was Ϫ1.1 Ϯ 0.7 (mean Ϯ SD). See Table 2 for more data.
Hormonal tests. A standard AITT was performed in all but two children (24) . In these two, the spontaneous 24-h GH secretion profile was performed (25) . In 21 of the 77 children (37%), the maximal serum GH (GH max) response was below 5.3 g/L (16 mU/L), the cut-off criteria used for severe GH deficiency at the time of diagnosis. Age at start of GH treatment did not differ between GHD and non-GHD children (data not shown).
GH concentrations were measured using a polyclonal antibody-based immunoradiometric assay (Pharmacia Diagnostics, Uppsala, Sweden), using the World Health Organization (WHO) First International Reference Preparation (IRP) 66/217 as the standard. For samples from 11 children, however, the IRP 80/505 was used as the standard, and the values obtained were transformed to the WHO IRP 66/217 standard (26) .
IGF-I was measured with an IGFBP-blocked RIA without extraction and in the presence of an approximately 250-fold excess of IGF-II (27) . Independent of sex, age, and pubertal development, all values were converted into SD scores using a mathematical formula, based on reference values from healthy prepubertal and pubertal children (28) .
Study protocol. Recombinant human GH was administered subcutaneously in a daily dose of 33 g/kg body weight. During puberty, 24 children (17 males/7 females) were randomized to a dose of 66 g/kg/d (within two clinical trails: TR 88 -177 and TR 288 -080). GH treatment was stopped when growth velocity was Ͻ1 cm/yr, and height was monitored for at least two more years.
The GH treatment was approved by the ethical committee of the Medical Faculties of the Universities of Göteborg, Lund, Linköping, Uppsala, and Umeå, and of the Karolinska Institute. Informed consent was obtained from all children (if old enough) and their parents. Parts of the results have been reported previously (4) .
Statistical methods. Data are presented as means Ϯ SD, unless otherwise stated. All correlation analyses were made with Spearman nonparametric rank correlation. The Mann-Whitney U test was used for comparison of longitudinal data between two groups. Multiple stepwise regression analysis was performed, after transforming the dependent variable to normal distribution by calculating normal score using Blom's method (29) , to find multivariate variables explaining height gain. Variables entered into the regression analysis were those with a p value Ͻ 0.1 with univariate analysis. Duration of GH treatment was not included in the analysis, as it is a variable dependent on age at start of treatment and age at start of pubertal growth spurt. All tests were two tailed and conducted at a 5% level of significance.
RESULTS
Normalizing final height. The mean final height of the group was Ϫ1.2 SDS (corresponding to 172 cm in males and 159 cm in females) (Fig. 2) , entirely reaching the mean MPH of Ϫ1.2 SDS. Figure 3 shows the Diff SDS at start versus the Diff SDS at FH for both treated and untreated children. The final height of 86% of the GH-treated children was within their target height (i.e. their FH was within 1 SDS from their MPH), whereas the final height of only 52% of those in the untreated comparison group was within their target height (p Ͻ 0.001).
Total growth response. For the entire group, we observed a mean gain in height SD of 1.3 SD Ϯ 0.8 (9 cm) from the start of GH treatment to FH. Among those treated for Ͼ2 prepubertal years, the gain was 1.7 SDS Ϯ 0.7 (12 cm), and for those treated Ͻ2 prepubertal years the gain was 0.9 SDS Ϯ 0.7 (6 cm) (p Ͻ 0.001). Figure 4 shows the mean height attained from start of treatment to start of puberty and to FH in the two treated groups and the untreated children. As a mean, the untreated children maintained their height SDS throughout puberty to FH.
No significant difference in height gain was observed when subjects were divided by gender (data not shown) or by GH secretory status (Table 3) .
Prepubertal growth. The growth response to GH treatment during the prepubertal years was most pronounced among the children treated for the longest duration. Those treated for Ͼ2 prepubertal years had a prepubertal mean gain in height of 1.8 SDS Ϯ 0.6, whereas those treated for Ͻ2 prepubertal years had a prepubertal mean gain of 0.8 SDS Ϯ 0.5 (p Ͻ 0.001; see Table 3 for more details).
Pubertal growth. There was a significant different gain in height during pubertal period in non-GHD children. If treated Ͼ2 prepubertal years, there was a slight loss in height SDS compared with those treated Ͻ2 prepubertal years (p Ͻ 0.05).
The children who received the higher GH dose (66 g/kg/d) during puberty did not exhibit a greater height SDS (Table 4) .
Descriptive regression model for FH. Both prepubertal and overall height gain correlated negatively at the start of treatment with age, Diff SDS, height SDS, and weight SDS, but positively with prepubertal years on GH treatment (Table 5 ). The magnitude of the pubertal growth, correlated with GH max during the AITT and with intrafamily Diff SDS at the start of treatment.
Multiple stepwise regression analysis of growth response. Multiple stepwise regression analysis was performed to find multivariate variables explaining the variance in FH as well as the variance in Diff SDS at FH.
Known variables at start of GH treatment. Paternal height, a subject's height, weight, and age at start of GH treatment, and GH max accounted for 51% of the variance in FH. Sixty percent of the variance in Diff SDS at FH could be explained by the Diff SDS, age, weight and GH max at start. See Table 6 .
Known variables at onset of puberty. Fifty-six percent of the variance in FH could be explained by the height at onset of puberty, paternal height, GH max , weight at start, and prepubertal years treated with GH. As much as 66% of the variance in Diff SDS at FH could be explained by Diff SDS and weight at onset of puberty, as well as the GH max at start.
Safety. GH treatment was well tolerated and no adverse events considered to be drug-related were observed.
DISCUSSION
We have observed that long-term GH treatment in short children who were born SGA results in an FH corresponding to the height of their parents, i.e. a mean FH of Ϫ1.2 SD after a gain of 1.3 SD (9 cm). The benefit of GH treatment on FH is greatest among the children who are younger, shorter, and lighter at the start of treatment. Treatment has the most benefit when it is started before the pubertal growth spurt begins. This prepubertal gain is maintained through puberty to FH. Among our subjects in whom GH treatment was begun Ͼ2 y before puberty, the mean gain in FH was 1.7 SD (12 cm) but only 0.9 SD (6 cm) if begun Ͻ2 y before puberty.
The target height range of Ϫ1.2 SD of the parents of our subjects is similar to that reported from other studies of children born SGA (12) (13) (14) 16) . The children treated for Ͼ2 y before puberty reached a mean FH of Ϫ1.2 SD, equal to the mean target height, whereas those treated for Ͻ2 y before 218 puberty had a mean FH of Ϫ1.6 SD. Nevertheless, nearly 90% of the GH-treated children achieved an FH within 1 SD of the target height, whereas only 50% of the untreated children achieved this-a finding in agreement with our populationbased study of untreated short children born SGA (1) . Most of the reports on results of GH treatment on FH of short children born SGA are nonrandomized studies composed of small numbers of participants (30, 31) , or include only GHD children (17), many of whom entered puberty during the first year of treatment (17, 30, 31) . Among children treated at a later age, a gain at near FH of 1 SD has been observed (30), a value comparable to the 0.9 SD for our subgroup of children treated for Ͻ2 y before puberty. However, data on the FH achieved in children born SGA if treated from a younger age to FH is lacking. Zucchini et al. (31) studied GH treatment to FH among short children born light (SGA W ). He found that less than one-third had an FH within the target height range. The difference between this outcome and our finding that 90% of GH treated subjects reach their target might be related to the longer duration of GH treatment of our patients before puberty. Coutant et al. (17) also reported that GH treatment had a limited effect on the FH (mean gain of 0.6 SDS) of short children born SGA, and having the diagnosis of GHD. However, a low dose of GH (13.3 g/kg/wk, 0.4 U/kg/wk) was The mean attained height. The prepubertal and pubertal height gain (SDS) in the two GH-treated groups, expressed as mean and SE: regular triangles ϭ treated Ͼ2 y before puberty, and inverted triangles ϭ treated Ͻ2 y before puberty. Attained height in the untreated group is shown as circles and broken line, expressed as mean and SE. Mean MPH Ϯ 0.5 SD, is shown as shadowed area.
FINAL HEIGHT IN SHORT SGA ON GH
used, and many of the patients were either in puberty at start of treatment (14%) or came into puberty during the first year of GH treatment (43%). This is in accordance with our finding of a lack of further gain in height SDS during puberty, and agrees with the observation that skeletal maturation during puberty is relatively rapid (17) . The rapid bone maturation that often occurs between 8 and 11 y of age among children born SGA may be the result of intrauterine programming of early puberty, rather than an effect of GH treatment.
Although the prepubertal height gain we observed is in line with findings from other studies (13-16,30) , we found different correlations to height gain. Most studies report correlations with age at start of GH treatment (13, 16, 30) , one with height SDS at start (30) and others with the prepubertal GH dose (13, 15, 16, 30) . We observed no correlation between response to GH and pretreatment height velocity. Moreover, we found that age at start and the duration of GH treatment were the strongest variables correlating with height gain. These results agree also with the study of Sas et al. (13) , as well as the results from meta-analysis of four European trials (15) , although neither is yet to adult height.
During prepubertal years it seems to be a dose-dependent correlation with height gain (13, 16, 30) . Interestingly, during the pubertal period we did not find a dose effect in growth response. This is in line with a randomized trial in GHD children (32) , and the results of the limited impact of GH dose in prediction models of pubertal growth (33) .
Among short children born AGA with GHD, the magnitude of the catch-up growth during GH treatment correlates with the Diff SDS at start (34, 35) . We also observe a correlation with Diff SDS, although most of the children born SGA were not GHD. Some studies have found such correlation (14, 16) , whereas others did not find this (13, 30) . Coutant et al. (17) reported that both target height and age at start of treatment are predictors of FH. They also observed an inverse correlation with body mass index. This was also found in our study, where children with lower weight and/or body mass index grew better on GH treatment.
Our finding of a broad range in height gain in response to the given fixed dose of GH may highlight the need for individualized dosing (34, 35) . Some of the short children born SGA may need a higher dose of GH to improve FH. Validated 
Longitudinal change in height expressed in delta height SDS, in GH-treated children either with GHD or non-GHD, expressed as means Ϯ SD. No significant difference was found between GHD and non-GHD. However, there was a significant difference when groups were further subdivided and instead compared according duration of prepubertal treatment [more than 2 pubertal years (Ͼ2 y) or less than 2 prepubertal years (Ͻ2 y)].
* prediction models giving an index of responsiveness for each short child born SGA are useful for individualizing the dose of GH (36, 37) . In summary, GH treatment improves FH in short children born SGA. The gain achieved before puberty normalizes height during childhood in most children and is maintained through puberty to FH, corresponding to the height of their parents. Normalization of height before puberty is essential. Duration of GH treatment for Ͼ1 y before puberty will improve the FH outcome. Younger, shorter, and lighter children at the start of GH treatment have better growth responses, are taller at onset of puberty, and achieve better FH. Delta height, the difference between adult and pretreatment projected height in SDS. GH max AITT, GH maximum peak from the AITT. 95% CI, 95% confidence interval for the regression coefficient.

